The effect of Pd and Ru seed layers on the magnetic properties of [Co/Ni] N multilayers with varying number of bilayer repeats N is investigated using vector network analyzer ferromagnetic resonance. The effective anisotropy field H Keff is found to increase with N for Ru seed, but decreases for Pd until N ¼ 15. As N is increased beyond 15, H Keff decreases for both seeds. In contrast, the damping parameter a decreases with N regardless of the seed, showing a 1/N dependence. Taking spin pumping into account, the intrinsic damping a 0 for both Pd and Ru seeds reduce to a 0 % 0.01. These results demonstrate that there can be a strong influence of the seed/Co interface on anisotropy, especially for sufficiently low N, but not necessarily on a 0 . V C 2014 AIP Publishing LLC.
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I. INTRODUCTION
Materials with perpendicular magnetic anisotropy (PMA) have recently received a significant amount of interest for their promise of higher performance spintronic devices. For instance, the current required to switch a magnetic tunnel junction using PMA materials is lower because this configuration does not require overcoming the large outof-plane demagnetizing field.
1 PMA materials also exhibit narrower domain walls and lower threshold current for current-induced domain wall motion. 2 One remaining challenge, however, is that materials with PMA such as (Co, Fe)/(Pd, Pt) multilayers, 3 rare earth-transition metal alloys, 4 or L1 0 -ordered (Co, Fe)Pt alloys 5 typically have larger damping constants, which act to increase threshold currents. In this aspect, Co/Ni multilayers are attractive because they combine large, tunable PMA with a relatively low damping constant a. One way to tune the magnetic characteristics of these multilayers is by varying the number of bilayer repeats N. However, reports on the behavior of magnetic anisotropy and a as a function of N have varied in the literature, [6] [7] [8] [9] exhibiting strong dependence on the layers adjacent to the Co/Ni multilayer and even the measurement method used. In this work, we conduct a systematic study of Co/Ni multilayers with different seeds and number of repeats using vector network analyzer ferromagnetic resonance (VNA-FMR) to probe the effect on anisotropy and damping. À9 Torr. Magnetization measurements were performed using an alternating gradient magnetometer (AGM). Structural characterization was done with x-ray diffraction (XRD) using a Cu K a source. VNA-FMR was used to measure the effective anisotropy and damping parameter of the samples. In the VNA-FMR setup, the samples were placed face down on a coplanar waveguide and situated in a dc magnetic field up to 1.2 T applied perpendicular to the film plane. The transmission scattering parameter S 21 was measured at a specific frequency, while the dc field was swept. For each sweep, the real and imaginary parts of the resonance response were fitted simultaneously using the complex susceptibility equation
where f is the frequency of the ac field,
K , DH is the full width at half maximum, andc ¼ ð2p hÞ=ðgl B Þ. M S is the saturation magnetization, H ? K is the anisotropy field perpendicular to the plane, g is the spectroscopic splitting factor, l B is the Bohr magneton, and h is the reduced Planck's constant. Non-magnetic contributions to the S 21 parameter and a linear time-dependent drift of the instruments were taken into account during the fit. Extraction of the effective anisotropy H Keff ( ¼ -M eff ) and the damping parameter a follows the procedure described in Ref. 10 , where the resonance fields are fitted to the Kittel equation l 0 H res ðf Þ ¼cf þ l 0 M ef f and linewidths are fitted to l 0 DHðf Þ ¼ 2caf þ l 0 DH 0 (DH 0 is the inhomogeneous linewidth broadening). The perpendicular configuration eliminates two-magnon scattering contributions to the linewidth 11 and are thus not considered here. Fits to the susceptibility, Kittel and linewidth equations for a Ru seed, N ¼ 4 sample are shown in Fig. 1 
III. RESULTS AND DISCUSSION
We show using the XRD spectra in Fig. 2 that both Pd(111) and Ru(002) seeds result in Co/Ni (111) texture. It is known that a strong (111) texture is desirable for PMA. 12 Magnetic hysteresis measurements from AGM confirm that all samples possess a perpendicular easy axis, as shown in Fig. 3 . It can be seen that the coercivity is noticeably larger for the Pd seed in the case of low N. For larger N, the AGM loops become increasingly similar. A noticeable feature is the bow-tie shape, which becomes more evident as N increases. This is a typical response arising from the formation of magnetic domains to minimize increasing magnetostatic energy. 13 M S was found to be constant within experimental error for all samples with l 0 M S ¼ 1.0 6 0.1 T.
Measurements of H Keff and a from VNA-FMR are plotted in Fig. 4 . We identify two regions of interest separated by the dashed line in Fig. 4(a) : (1) for N 15 (small N), H Keff decreases as N increases for the Pd seed but increases for the Ru seed, and (2) for N > 15 (large N, shaded region), H Keff decreases for both seeds. We first look at the regime of small N. If we consider the contributions to effective anisotropy energy, we have
where t BL ¼ t Co þ t Ni is the thickness of a single bilayer, K eff is the effective anisotropy energy, l 0 M 2 S =2 is the demagnetizing energy, and K line in Fig. 4(a) ), as can be seen up to N ¼ 15. Increasing N further results in a significant decrease of effective anisotropy for both seeds. For large N, interface degradation mechanisms such as roughness 14, 15 and intermixing 15 are possible in some multilayer systems, and are associated with reduced anisotropy. 12 Indeed, atomic force microscopy reveals a monotonic increase of the RMS roughness with number of repeats, reaching 4 Å and 5 Å for the thickest Ru-and Pd-seeded samples, respectively (not shown). We also find that DH 0 , which can be affected by roughness, decreases with N in the small N regime, but is larger than its minimum value at N ¼ 15 for N > 15. This behavior can also be an indication of increased roughness.
Turning to a, we also demarcate the two regimes by the dashed vertical line in Fig. 4(b) . In contrast to the case of H Keff , there is no apparent change in trend between the two regimes. For both seeds, a has a 1/N dependence indicative of spin pumping. The solid lines in Fig. 4(b) are fits to 17 aðNÞ
where a 0 is the intrinsic damping parameter and g "# ef f is the effective spin-mixing conductance. We use g ¼ 2.180 6 0.004 obtained from the VNA-FMR measurements. Regardless of whether the data points for large N are included in the fit, we find that a 0 reduces to the same value within error, yielding a 0 ¼ (9.4 6 0.2) Â 10 À3 for both seeds. We surmise that although interface or stacking quality may have pronounced effects on anisotropy, the intrinsic damping remains largely unaffected. This agrees with previous studies showing that a 0 does not change with the presence or absence of CoFe/Ni interfaces, 18 nor with increased roughness in Co/Ni multilayers. 16 
IV. CONCLUSIONS
We have investigated Ta 5/seed 5/[Co 0.3/Ni 0.6] N /Ta 5 multilayers with varying numbers of bilayer repeats and showed that both Pd and Ru seeds are suitable to obtain the desired (111) texture for PMA. From VNA-FMR measurements, we found that the effective anisotropy of Co/Ni multilayers follows different trends versus N: for small N, H Keff decreases for Pd but increases for Ru, while for large N, H Keff decreases for both seeds. The behavior in the small N regime is explained through fits of the effective anisotropy energy considering different energy contributions, from which we determine that K Pd=Co S > K Co=Ni S > K Ru=Co S in our system. On the other hand, a follows a simple 1/N trend characteristic of spin pumping and the intrinsic damping reduces to a 0 ¼ (9.4 6 0.2) Â 10 À3 regardless of the seed. Our results suggest that there can be a strong influence of the seed/Co interface and possibly, interface quality on the static magnetic properties, but not necessarily on a 0 .
